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1-3 NbN ultrathin films are used for SSPDs because they have relatively high transition temperature ͑T c ͒ even at a thickness of several nanometers, allowing the intrinsically fast energy relaxation of ϳ30 ps ͑Ref. 4͒ to be exploited with high photon sensitivity. SSPDs have been successfully employed in quantum key distribution ͑QKD͒ experiments, boosting both transmission distances and key generation rates rate. 5, 6 However, further improvements in device performance are highly desirable and will broaden the impact of SSPDs in QKD and other quantum information processing applications. In particular, significant effort is being put into increasing the detection efficiency ͑DE͒ and continuous photon counting rate.
A primary factor limiting the counting rate is the large kinetic inductance ͑KI͒ of the nanowire which determines the device recovery time after photon absorption. 7, 8 Reducing the active detector area is a natural way to reduce the KI. However, a new speed limitation due to latching behavior has been pointed out for smaller devices. 9 In order to circumvent such limitations of a single device, many detectors will have to be used parallel 10 or as an independently addressable array. SSPD arrays may also enable spatial and pseudophoton-number resolution to be achieved. 11, 12 Improving device DE is essential for realizing various quantum information processing protocols which require coincident photon detection by multiple detectors. The DE is determined by the intrinsic photoabsorption coefficient of, and the effective optical coupling coefficient to the active area. The main concern in packaging fiber-coupled detectors is to improve the latter. However, a further limiting factor specific to SSPDs is the constriction of the nanowire caused by a defect in the superconducting film or introduced during nanofabrication. 13 Because the critical current of the entire wire is limited by the smallest constriction, the critical current density elsewhere in the wire remains low, reducing the DE.
Thus, to produce high performance SSPDs or to realize a multiformat array it is important to develop the fabrication technology that produces devices with few constrictions and small KI over large area. Such development requires careful selection and control of deposition methods and conditions. For example, NbN thin films prepared by rf sputtering at an ambient substrate temperature include granular or columnar void structures and show high resistivity ranging from 150 to over 10 4 ⍀ cm, and a large KI. 14 We have developed a method for growing 4.2-nm-thick NbN epitaxial films directly on a single crystal MgO substrate by reactive dc magnetron sputtering at room temperature. Epitaxial growth directly on the substrate has been confirmed by transmission electron microscopy. 15 These films show T C ϳ 12 K and a lower resistivity at 20 K ͑ 20 K ͒ ϳ120 ⍀ cm even for the thin films of 4.2 nm thickness, 15, 16 which should yield a high uniformity nanowire ͑i.e., with a low probability of constrictions͒ over large area. Using these high quality films, we fabricated 80-and 100-nm-wide meander lines covering a relatively large area of 20ϫ 20 m 2 with a filling factor of 50%. The fabrication process and dc characteristics of SSPDs are described in detail elsewhere. 17 A scanning electron micrograph ͑SEM͒ of our SSPD is shown in Fig. 1͑a͒ . The meander pattern was embedded in a coplanar waveguide structure fabricated from 150-nm-thick NbN films. Figures 1͑b͒ and 1͑c͒ show histograms of measured values of the sheet resistance at 20 K ͑R sheet,20 K ͒ and critical current density ͑J C ͒, respectively, of our 80-and 100-nm-wide meanders in a film grown under identical conditions on an MgO substrate. A total of five ͑seven͒ samples of 80-͑100-͒ nm-wide meanders were measured. R sheet,20 K and J C were converted from the measured resistance at 20 K ͑R 20 K ͒ and the critical current ͑I C ͒ of the meanders by using the design geometry. As shown in Fig. 1͑b͒ , the R sheet,20 K values were almost the same regardless of different samples and designs, indicating the meanders were reproducibly fabricated as designed. On the other hand, the J C of the devices, which will be limited by any local defects anywhere in the nanowire, were smaller for 80-nm-wide meanders than for 100-nm-wide meanders. This discrepancy in J C indicates that the 80-nm-wide meanders have more constrictions than wider meanders; this is expected because the narrow meander is 1.25 times longer. However, the variation among likewidth meanders are withinϮ 5%, implying the high reproducibility of patterning.
We evaluated the KI of our SSPDs using both theoretical prediction and actual measurement. Theoretically, the KI per square thickness ͗L k ͘ is given by 0 2 , where 0 is the permeability of free space and is penetration depth. The value of is predicted from the expressions given by Orlando et al. 18 by substituting T c and 20 K of our device. 16 This prediction results in ͗L k ͘ = 119.7 pH nm.
We also measured the KI of the devices, L k device ͑= 0 2 l / d͒ with the line length l and thickness d, by observing the phase of the reflection coefficient S 11 . Because the device impedance has no resistive component when in the superconducting state, S 11 of the device is expressed as ͑jL −50 ⍀͒ / ͑iL +50 ⍀͒. The L k device is obtained by fitting the data to this expression with L as the free parameter. Figure 2͑a͒ shows the typical phase of S 11 as a function of frequency for the two kinds of devices at zero bias current. As shown in the figure, L k device = 1.73H for a typical 80-nm-wide device and L k device = 1.00 H for a typical 100-nm-wide device, which correspond to 20 and 34.6 ns recovery times ͑L k device / 50 ⍀͒, respectively. The ͗L k device ͘ values are 232 and 210 pH nm for 80-and 100-nm-wide meanders. These values are similar or lower than those reported previously 7, 19 in spite of the fact that our devices are four times larger, which may be due to differences in the properties of the basic NbN films. The measured KI values for our devices are approximately a factor of two larger than the values predicted from the simple theory described above. They are expected to approach the theoretical values with further improvements to the nanowire uniformity. Optical testing was performed on multiple fiber-coupled SSPDs in a Gifford-MacMahon closed-cycle refrigerator system. 8 We measured the DE of our whole system including the optical coupling efficiency, referred hereafter to as the system DE. The incident photons are introduced through a single mode telecommunications fiber ͑9 m core diameter͒ to the SSPD. Prior to cooling, the end of a fiber is accurately aligned to the center of each device with a gap of 50-100 m. 20 The packaged device is cooled to 2.4-2.6 K with ϳ20 mK thermal fluctuation at the operating temperature. The output port from the nanowire was connected to a parallel shunt resistance ͑50 ⍀͒ and a bias tee at room temperature through a 50 ⍀ coaxial cable. The shunt resistance is to prevent latching of the biased device and is placed outside of the cryocooler to allow back reflections to be attenuated. The device is current-biased via the dc arm of the bias tee. The output signal from the ac arm of the bias tee is amplified using a series of two low noise amplifiers ͑RF bay Inc., LNA 500 and LNA 1000͒, and then observed by a pulse counter or an oscilloscope. A 1550 nm wavelength continuous laser diode with power of 1 mW is used for the input photon source, and is heavily attenuated to −70ϳ −100 dBm at the input connector of the cryostat by attenuators so that the count rate is in the range of 10 kHz-1 MHz. A polarization controller is inserted in front of the cryocooler optical input to control the polarization properties of incident photons to match the polarization sensitivity ͑maximizing the DE͒ of each device. Figures 3͑a͒ and 3͑b͒ show the system DE and the dark count rate of a typical 80-nm-wide device as a function of I b / I C . Although the system DE increases as the I b approaches to I C , there is no saturation region. This is a further indication that constrictions in the nanowire limit the DE. Figure  3͑c͒ shows the system DEs as a function of J C for three devices with 80-nm-width and three with 100-nm-width at a dark count rate of 100 Hz. A tendency can be seen that a higher J C shows a higher system DE; this implies that the optical coupling efficiency is almost the same for all six devices and the constrictions in nanowire limit the system DE, as described in Ref. 13 . The system DE ͑at 100 Hz dark count rate͒ of five devices among the six measured exceeds 1%, and the best system DE attained was 3.5%. The intrinsic DE of the NbN nanowires seems much higher according to the result of Ref. 13 giving us confidence that careful optimization of optical alignment will result in further increases to the system DE.
In conclusion, we have reported the performance of epitaxially grown NbN nanowire SSPDs on a MgO substrate with a large 20ϫ 20 m 2 meander area. In spite of the increased area as compared to other previously reported devices, we succeeded in fabricating SSPDs with fewer constrictions and lower KIs implying a minimum 28 MHz continuous counting rate with relatively high DEs of 0.4%-3.5% at a nominal dark count rate of 100 Hz. These new devices will enable improved performance in QKD and other photon counting applications. Furthermore, we have now demonstrated large active area devices-a crucial step toward the fabrication of future large area arrays.
